Temperature dependent photoluminescence of anatase and rutile TiO 2 single crystals: Polaron and self-trapped exciton formation by Gallart, Mathieu et al.
HAL Id: hal-02384105
https://hal.archives-ouvertes.fr/hal-02384105
Submitted on 28 Nov 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Temperature dependent photoluminescence of anatase
and rutile TiO 2 single crystals: Polaron and
self-trapped exciton formation
Mathieu Gallart, Thomas Cottineau, Bernd Hönerlage, Valérie Keller, Nicolas
Keller, Pierre Gilliot
To cite this version:
Mathieu Gallart, Thomas Cottineau, Bernd Hönerlage, Valérie Keller, Nicolas Keller, et al.. Tem-
perature dependent photoluminescence of anatase and rutile TiO 2 single crystals: Polaron and self-
trapped exciton formation. Journal of Applied Physics, American Institute of Physics, 2018, 124 (13),
pp.133104. ￿10.1063/1.5043144￿. ￿hal-02384105￿
Temperature dependent photoluminescence of anatase and rutile TiO2 single crystals:
Polaron and self-trapped exciton formation
Mathieu Gallart, Thomas Cottineau, Bernd Hönerlage, Valérie Keller, Nicolas Keller, and Pierre Gilliot
Citation: Journal of Applied Physics 124, 133104 (2018); doi: 10.1063/1.5043144
View online: https://doi.org/10.1063/1.5043144
View Table of Contents: http://aip.scitation.org/toc/jap/124/13
Published by the American Institute of Physics
Articles you may be interested in
Electrical properties of bulk semi-insulating β-Ga2O3 (Fe)
Applied Physics Letters 113, 142102 (2018); 10.1063/1.5051986
Theoretical confirmation of the polaron model for the Mg acceptor in β-Ga2O3
Journal of Applied Physics 124, 145702 (2018); 10.1063/1.5049861
Donors and deep acceptors in β-Ga2O3
Applied Physics Letters 113, 062101 (2018); 10.1063/1.5034474
Effect of boron addition in modulating the optoelectronic properties of undoped and Al-doped ZnO thin films
Journal of Applied Physics 124, 135103 (2018); 10.1063/1.5046188
Defects responsible for charge carrier removal and correlation with deep level introduction in irradiated β-Ga2O3
Applied Physics Letters 113, 092102 (2018); 10.1063/1.5049130
Acceptor doping of β-Ga2O3 by Mg and N ion implantations
Applied Physics Letters 113, 102103 (2018); 10.1063/1.5050040
Temperature dependent photoluminescence of anatase and rutile TiO2 single
crystals: Polaron and self-trapped exciton formation
Mathieu Gallart,1,a) Thomas Cottineau,2 Bernd Hönerlage,1 Valérie Keller,2 Nicolas Keller,2
and Pierre Gilliot1
1Institut de physique et chimie des matériaux de Strasbourg, UMR 7504 CNRS-université de Strasbourg,
23 rue du Lœss, BP 43, F-67034 Strasbourg, France
2Institut de chimie et procédés pour l’énergie l’environnement et la santé, UMR 7515 CNRS-université de
Strasbourg, 25 rue Becquerel, F-67087 Strasbourg, France
(Received 6 June 2018; accepted 4 September 2018; published online 5 October 2018)
We propose an analysis of the emission properties of anatase and rutile titanium dioxide (TiO2) that
emphasizes the role of the strong electron-phonon interaction. We performed measurements of pho-
toluminescence (PL) spectra of bulk monocrystals under continuous wave-laser excitation and of
their temperature dependence. We show that in both anatase and rutile, weakly bound self-trapped
excitons are actually made out from carrier polarons and give rise to a broad emission band in the
visible spectral range. The thermal activation of carrier motion allows their hopping to distant sites
that leads to the observed quenching of luminescence. In the speciﬁc case of rutile TiO2, the PL
spectral shape and its intensity-quenching scenario reveal the presence of dark trap states. Moreover,
an additional narrow line structure shows up at low temperatures. The latter is due to localized impu-
rity states that can be attributed to oxygen vacancies and can be ﬁtted with a large Huang-Rhys
parameter S = 2.5 within a Franck-Condon model. Both phases show thus a very strong interaction
between the photogenerated carriers and the lattice. Published by AIP Publishing.
https://doi.org/10.1063/1.5043144
I. INTRODUCTION
Because of its high quantum yield and a suitable electronic
band structure, titanium dioxide (TiO2) is a very promising
metal oxide semi-conducting material1 for photo-conversion
applications such as photocatalytic reactions and as trans-
port material in photovoltaic cells [dye-sensitized solar cells
(DSSC)2 and perovskite solar cells]. It is not expensive,
non-toxic, and resistant towards photo-corrosion in a wide
range of pH values. Rutile and anatase phases are the two
main crystalline polymorphs of TiO2, constituted of chains
of TiO6
2− octahedrons, sharing edge and summit3 in which a
Ti4+ ion is surrounded by 6 O2− ions. Both crystal structures
are stable under ambient conditions, but differ by a distortion
of the octahedrons and by their different arrangements in the
crystals.4,5 Anatase TiO2 has a band gap of about 3.31 eV,
and that of rutile TiO2 is about 3.02 eV at 77 K.
6–11 While
both phases may be photoactivated by UV light, the anatase
form is supposed to be a more photocatalytic active phase
than the rutile one due to a higher Fermi energy and a higher
surface hydroxylation rate.
Photocatalytic and more globally photo-conversion appli-
cations imply the use of nanoparticles (∼10–20 nm) in order
to have an important surface to volume ratio and due to the
limited diffusion length of holes. In photocatalytic applica-
tions, two factors are very important: ﬁrst, the system should
have a low band-gap energy and, second, fast electron-hole
recombination in the TiO2 volume or at the TiO2/adsorbate
interface should be prevented. In order to initiate redox
reactions with adsorbed surface species in photocatalysis or to
collect the maximum number of carriers in photovoltaic
devices, one should have a high density of free carriers. This
can be achieved by optical excitation of electron-hole pairs.
The recombination of photo-generated electron-hole pairs
reduces, however, the density of available charge carriers at
the active particle surface. In addition, it was observed that
not only the size of the TiO2 particles but also their surface
properties, crystalline structure, or degree of crystallization
affect the photocatalytic efﬁciency.12–14
Although titania nanoparticles have been already exten-
sively studied, the intrinsic processes underlying the behavior
of the photoexcited charge carriers, including their relaxation,
transport, and recombination, are not fully understood and
still need to be resolved.15,16
From many studies performed on the electronic and
optical properties on TiO2, some experimental facts and some
typical features have been evidenced and are the basis of our
understanding: First, the absorption of titanium dioxide occurs
in the near UV, while the observed photoluminescence (PL)
shows a very large Stokes shift with a very broad emission
band centered in the visible spectral range. Second, a very
efﬁcient charge separation allows the collection of electrons
and holes or their trapping at different locations that could be
on the surface in the case of nanocrystals. Third, a strong
electron-phonon coupling leads to lattice deformations that give
rise to the formation of polarons17,18 and self-trapped excitons
(STE).19–21 Fourth, oxygen vacancies can be numerous, with
concentration in rutile as high as 0.5% (3 × 1020 cm−3),22
allowing an efﬁcient trapping of carriers or polarons.
Nevertheless, a comprehensive picture of the carrier
behavior, that could unify all the experimental observationsa)mathieu.gallart@ipcms.unistra.fr
JOURNAL OF APPLIED PHYSICS 124, 133104 (2018)
0021-8979/2018/124(13)/133104/9/$30.00 124, 133104-1 Published by AIP Publishing.
by involving these mechanisms, is still missing. This con-
cerns even the PL origin for which a long time ago several
hypotheses were published together with the ﬁrst studies of
light emission in TiO2. Since that time, a large set of differ-
ent interpretations is still proposed and used as described in
recent review papers.23–26
Our study aims at giving some insight into the processes
that the carriers come across after their excitation and at clari-
fying which mechanism is dominant. We start for that
purpose from the observations and interpretations of various
processes that can be found in the literature. We complement
them by using an experimental method that we have success-
fully applied previously to nanocrystals,6,12,27 where we
measure the decrease of the photoluminescence intensity with
temperature, from helium up to room temperature. The com-
petition between the carrier separation and their recombina-
tion, and speciﬁcally their radiative recombination, makes PL
experiments a method of choice for determining the scenario
followed by the carriers after their photo-creation. Their radia-
tive recombination needs an overlap of their wave functions,
and observing a PL emission is indeed a good indication that
electron and hole remain close together. Following the PL
efﬁciency as a function of temperature gives, moreover, a
good insight into the processes that could be thermally acti-
vated and that could give rise to the carrier transfer towards
distant sites. In addition, the study of PL temperature depen-
dence is a sensitive and powerful technique to characterize
defect states in semiconductors.28,29 The temperature depen-
dent PL gives thus information on the recombination and
relaxation scenario of photo-induced electron-hole pairs as
well as on the energy of defect states that could be possibly
involved in the process.6,11
With respect to our previous works,6,12,27 we choose
here to study the nature of the electronic states and the
carrier recombination scenario in bulk crystals of anatase
and rutile TiO2 in order to get information on the intrinsic
processes that can depend on the crystal phase (anatase or
rutile). We aim here at disentangling as far as possible the
intrinsic properties of the material, due to the crystal struc-
tures, from extrinsic processes that are related to quantum
size, geometry, or surface effects. Even if, as reported in
the work of Monticone et al.,30 no quantum size effect is
observed for TiO2 particles with a diameter above 1.5 nm,
surface effects remain important for larger nanocrystals. As
a ﬁrst necessary step before further studying more complex
nanostructured TiO2 architectures with enhanced photoac-
tivity, we will thus, in the following, base our analysis on
PL experiments performed on a set of bulk samples where
carriers can evolve in the crystal volume. That will give
valuable information even for particles or layers of nano-
metric sizes where the optical, electrical, and photo-catalytic
properties are highly inﬂuenced by the band structure inher-
ited from the bulk crystals.
In the following, the description of our experiments and
the ﬁt of our data will be used to establish a scenario, which
is apt to explain the observed properties of TiO2: We will
start from an analysis of the spectral shape and position of the
photoluminescence. In order to explain their properties, we
propose a separate interaction of electrons and holes with the
lattice. Thus, polarons are formed, which interact only weakly
with one another. They can be considered as loosely bound,
self-trapped excitons. This clariﬁes the picture in which self-
trapped excitons are involved and which is usually invoked to
explain the large Stoke shift of the luminescence.
The observed behavior of the luminescence emission
intensity as a function of temperature is then explained as a
thermally activated motion of those polarons that can reach
distant sites. Since the wave-functions of electron- and hole
polarons no longer overlap, they cannot radiatively recom-
bine, leading to a decrease of photoluminescence intensity
with increasing temperature.
Finally, we explain the different temperature behaviors
of the photoluminescence intensity in the rutile phase when
compared to anatase in detail and evidence again the strong
vibrational coupling of trapped carriers. This set of points
shows that, among various effects involving surface states or
different types of defects extensively discussed in the litera-
ture, the coupling with lattice vibration is to our notion of
predominant importance in TiO2. It is so strong that it is
entangled in relaxation and in emission processes for both
free and trapped electronic excitations in TiO2.
II. EXPERIMENTAL SETUPS
A. Anatase and rutile TiO2 single crystal samples
The samples studied here are commercial single crystals:
3 rutile samples (MTI Corporation, USA) with (100), (001),
and (110) orientated top surfaces (labeled R100, R001, and
R110 in the following) and 3 anatase samples (SPL, The
Netherlands) with (100), (001), and (110) orientated surfaces
(labeled A100, A001, and A110, respectively).
B. Temperature dependent photoluminescence
measurements
The photoluminescence (PL) of the samples was mea-
sured as a function of temperature by mounting the samples
in a liquid helium bath Oxford cryostat in which the tempera-
ture is stabilized and can be continuously varied between 4 K
and 300 K.
The samples were excited with continuous wave (CW)
Melles-Griot HeCd laser UV light at 325 nm (3.814 eV) at
low intensity. The PL emission of the samples was spectrally
resolved by a SPEX 270M spectrograph and registered by a
Roper liquid nitrogen cooled CCD camera. The excitation
intensity was kept low in our experiments (less than 2W/
cm2) since the spectral PL emission shape of the rutile
samples is known to change drastically under high excitation
conditions,15,16 indicating that new recombination channels
are opened due to electron-hole collision processes.
Photoluminescence excitation (PLE) experiments were
also performed. In PLE experiments, the emission efﬁciency
is determined by a three-step process: light absorption induc-
ing transition toward an excited level, non-radiative relaxa-
tion between the excited level and the emitting level,
followed by the radiative emission. The PL emission was
measured at the emission maximum as a function of the exci-
tation wavelength in the 300–500 nm range with a spectral
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resolution of 1 nm. The PLE spectra, plotted as a function
of excitation photon energy, allow one to measure indirectly
the sample absorption spectra. We used light emitted by a
broad-spectrum Energetiq® EQ-99FC laser-driven light
source (LDLSTM), which was spectrally ﬁltered by a SPEX
270M spectrograph used as a monochromator before exciting
the samples.
C. Emission and absorption of anatase and rutile TiO2
Figure 1 shows as an example the PLE spectra of the
samples A001 at 44 K and R110 at 8 K. The PLE spectra of
both, rutile and anatase types, samples show a steep increase
when increasing the excitation photon energy, followed by a
slower, monotonous decrease at higher photon energies. The
absorption edges can be determined from the low photon
energy inset at 411 nm (3.016 eV) for the rutile and around
377 nm (3.288 eV) for the anatase sample, which are in close
agreement with literature values.1 Similar to the results dis-
cussed in Ref. 1, the anatase TiO2 samples showed a PL in
the visible spectral range centered at 560 nm (2.21 eV) with a
FWHM of about 600 meV, while that of the rutile TiO2 was
centered in the infrared at 840 nm (1.48 eV) with a FWHM
of about 150 meV.
PLE and PL spectra show thus a very large Stokes shift
of the emission with respect to the absorption. Moreover, the
observed emissions are spectrally broad (Fig. 1) and do not
appear as emission peaks but as broad bands.
III. TEMPERATURE DEPENDENT
PHOTOLUMINESCENCE OF ANATASE TIO2 SAMPLES
Let us ﬁrst describe the PL intensity temperature depen-
dence of the anatase samples, on which we will base our
analysis of their emission properties. According to Fig. 1,
the PL maximum is centered on 2.2 eV (560 nm) and
depends only slightly on the sample. Between 10 K and 70
K, the PL maximum position is almost ﬁxed for all three
samples, but it changes between 80 K and 200 K. This vari-
ation is not monotonous but shows a minimum around 150 K,
which is most pronounced in sample A001 and the least in
sample A110.
As shown by Tang et al.,34 this behavior observed on
the line maximum spectral position when increasing the
temperature is typical for samples that contain aluminum.
They observed a red-shift of the lines with increasing tem-
perature in aluminum doped samples while a blue shift
occurs in undoped samples. We have performed scanning
electron microscopy measurements on our samples, which
conﬁrm the presence of aluminum, but the corresponding
experimental uncertainty does not allow to improve the
analysis already developed by Tang et al. and to determine
the impurity concentrations in our samples precisely. We
do not attribute, however, the spectral shape of the PL on
the orientation of the crystal surface that is different for our
three samples, but on the different aluminum concentra-
tions that they probably contain.
The observation of Tang et al. did not receive an expla-
nation and our measurement can hardly give it. One can nev-
ertheless remark that the red shift with increasing temperature
observed in our sample occurs on a limited spectral range of
150 meV, while Tang et al.34 measured a shift as large as
550 meV for an aluminum concentration of 300 ppm. The
samples that we studied are thus only slightly doped and will
show features close to that of the undoped samples.
Figure 2 shows the PL intensity integrated over the whole
emission band. It decreases in all three samples by about 2
orders of magnitude when increasing temperature from 10K to
200K. Similar to the PL maximum position, the PL quenching
with temperature is comparable for the three samples in the
interval from 10K to 70 K. It becomes, however, sample
dependent when heating from 80K to 200 K.
In order to analyze the PL temperature dependence, we
assume a competition between radiative emission from the
states, which give rise to the PL and the population transfer
towards non-radiative states, which can be thermally acti-
vated. As it will be discussed further, when following the
model described for nanocrystals,6,12,31 this leads to a
quenching of the PL intensity with increasing temperature.
FIG. 1. Photoluminescence excitation (PLE) spectra and photoluminescence
(PL) spectra of samples A001 at 44 K and R110 at 8 K.
FIG. 2. Normalized integrated PL intensity as a function of temperature for
the anatase samples A001, A100, and A110. Full lines: Adjustment with
Eq. (1). See text and supplementary material SI1.
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Concerning our model, let I0 denote the PL emission
intensity in the limit of low temperatures and I(T) this
intensity as a function of the temperature. As previously
discussed for anatase TiO2 nanocrystals,
6,12 we ﬁnd that at
least two activation processes with different activation
energies Ea and Eb have to be considered (Fig. 3) in our
bulk anatase TiO2 in order to account for the experimental
results. Indeed, if no second non-radiative recombination
channel “b” (with an activation energy Eb > Ea) is considered,
the thermal PL-quenching process is saturated in a very small
temperature range. Now, the full thermal PL-quenching process
can be modeled by a 4-level system. When introducing the
energy differences ΔEi = (Ei − ER) between the radiative
state “R” and the two thermally activated states “i = (a,b),”
the emission intensity I(T) is given by
I(T) ¼ I0
1þ Aaexp ΔEakBT
 
þ Abexp ΔEbkBT
  , (1)
where Aa = τR/(τa + τa↓) and Ab = τR/(τb + τb↓) are coefﬁcients
given by the ratio of the luminescent radiative lifetime τR and
the inverse transition probabilities of the non-luminescent
states i = (a,b) to the luminescent one τi↓ and to the ground
state τi. The full model of this 4-level system is sketched in
Fig. 3 and detailed in the supplementary material.
We use the formula of Eq. (1) in order to ﬁt the data of
Fig. 2. One should keep in mind that both activation levels
only simulate the real situation, which is much more complex:
the important spectral width of the PL corresponds to a broad
inhomogeneous band indicating that neither the ground state
nor the radiative state has a ﬁxed energy but the convolution
of their energy distributions gives rise to the observed PL
spectral width of 600 meV (FWHM). The spectral position of
the a and b levels (Fig. 3) and the transfer rates should, as
well, ﬂuctuate. The numbers that we determine by our ﬁts
(Table I) are thus the mean values of dispersed data.
The ﬁt results are shown in Fig. 2 by the full lines for
the three anatase samples. The resulting parameter values
of Ai and ΔEi are given in Table I. As stated above, all
three samples show ﬁrst (up to temperatures of about 70 K)
the same PL quenching behavior, which results in similar
values of the activation energies ΔEa and of the quenching
amplitudes Aa. It is interesting to notice that in all cases,
the radiative recombination times are always longer than
the non-radiative recombination times, as shown by the
values of Aa that depend on the ratio of these times. Taking
into account the values of the activation energies ΔEa, this
indicates that the quantum efﬁciency of the radiative recom-
bination is quite low at room temperature when compared to
the non-radiative one.
At higher temperatures, the activation energies ΔEb and
quenching amplitudes Ab of samples A001 and A100 on the
one side, and A110 on the other side are quite different, indi-
cating changes of the non-radiative channels. It is interesting
to notice that sample A110 shows almost a saturation behav-
ior. This is due to the coefﬁcient Ab = τR/(τb + τb↓), which is
much smaller in this sample than in the samples A001 and
A100. Nevertheless, in all samples, we observe an activation
energy ΔEb that is nearly ﬁve times larger than ΔEa, while
the order of magnitude of both activation energies is the
same in all the samples. This shows that the same two pro-
cesses are observed in all the samples. Time-resolved PL
experiments performed on commercial powders using a setup
based on a streak camera showed that the dynamics of photo-
excited carriers lie in many temporal ranges, from ps up to
μs. This result is compatible with the dynamics that is sug-
gested by our analysis of the static PL evolution with temper-
ature, where the ratio between photoluminescence and
trapping times given by the Ab coefﬁcient (Table I) can
reach 3 orders of magnitude.
IV. TEMPERATURE DEPENDENT
PHOTOLUMINESCENCE OF RUTILE TiO2 SAMPLES
For rutile samples, Fig. 4(a) shows the PL spectrum of
the sample R100 as a function of the temperature as an
example. The other samples with the rutile structure show
the same features. The PL spectrum is centered at 840 nm
(1.5 eV) with a FWHM of about 150 meV, i.e., the PL is
emitted at much lower photon energies and its spectral width
is much narrower than the PL of the anatase samples. In
addition to a broad PL band, sharp lines show up in the
spectra as shown in Fig. 4(b).
When increasing the temperature, the sharp lines broaden,
decrease in intensity, and completely disappear around 130 K.
As discussed below in detail, they are tentatively attributed to
the recombination of electron-hole pairs, bound to crystal
imperfections. The intensity of the broad band, on the con-
trary, increases drastically when increasing the temperature
from 4K to 50K. This increase is followed by a PL quenching
process at even higher temperatures. During heating, the spec-
tral shape of the PL low energy side and the position of the
PL maximum remain unchanged, while the high energy wing
of the spectrum increases signiﬁcantly.
FIG. 3. 4-level system to simulate the PL quenching scenario with tempera-
ture in anatase titania. Details are given in supplementary material SI1.
TABLE I. Parameter values defined in Eq. (1) for the three anatase TiO2
bulk samples (A001, A100, and A110).
TiO2 sample Aa
ΔEa
(meV) Ab
ΔEb
(meV)
A001 5 ± 1.7 7 ± 2.0 915 ± 260 37 ± 2.6
A110 2.5 ± 0.7 4 ± 1.9 179 ± 24 25 ± 1.6
A100 14 ± 2.5 10.8 ± 0.6 1343 ± 640 45 ± 4.4
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Figure 5 shows the integrated PL intensity of the rutile
samples as a function of temperature. The integrated PL
intensity mainly characterizes the broad PL band since the
integrated intensity of the narrow lines is smaller in compari-
son. When increasing temperature from 4 K to 30 K, the inte-
grated PL intensity remains ﬁrst constant. Then, it increases
strongly when rising the temperature to 50 K. At even higher
temperatures, between 50 K and 200 K, the PL intensity
decreases as observed in anatase samples. As shown in
Fig. 5, this qualitative behavior is common to all three rutile
samples, independent of their surface orientation. The PL
quenching scenario is, however, slightly different.
In order to analyze the results of Fig. 5 in detail, we con-
sider, similar to the scheme used for anatase samples, a multi-
level model involving radiative and non-radiative states
(Fig. 6). But we assume furthermore that, after their generation
by light absorption, the photo-carriers have relaxed to the radi-
ative states but they have also populated some dark non-
radiative states situated at lower energy. The system is under
CW excitation in a steady state and the recombination of
electron-hole pairs is compensated by their photo generation.
The results of Fig. 5 simply indicate that the number of popu-
lated radiative states is constant when the temperature is raised
from 4K to 30K, resulting in a constant PL intensity. When
increasing temperature, the carriers initially trapped onto dark
states can overcome the energy barrier and populate the radia-
tive states. This leads to the increase of the PL intensity
between 30 K and 50 K. Let us assume that, as discussed
above for anatase, further non-radiative states (denoted b in
Fig. 6) with energies even higher than that of the radiative
states are present in the samples. Then, at higher temperature,
these higher-energy non-radiative states are populated at the
expense of the populated radiative states and the PL intensity
is quenched for temperatures above 50 K.
In order to simulate this scenario, we consider the
four-levels system sketched in Fig. 6 and detailed in the
supplementary material. From these states, the lower lying
non-radiative states can be populated independently of tem-
perature (in the stationary state, it is not necessary to specify
whether the lower-lying dark states are partly populated directly
during the relaxation process or via the radiative states). Now
electron-hole pairs can either recombine directly from the dif-
ferent states or they can be thermally activated and transferred
from the lower lying dark states to the radiative ones or from
these to the higher lying non-radiative levels. The radiative
recombination is given by
I(T) ¼ I0
1þ Bexp ΔEb
kBT
 
þ 1/ A1 þ A2exp ΔEDkBT
   :
(2)
Similar to the model that we used for anatase crystals,
B ¼ τR
τb þ τb#, A1 = τD↓/τR, and A2 = τD/τR. The activation
energies are ΔEi = (Ei− ER), where ER is the energy of the
radiative state and i labels the non-radiative states i = (b,D).
As shown in Fig. 6, we obtain, as for Eq. (1), a thermally
activated process that describes the escape of the carriers
toward the level denoted “b” that is characterized by an acti-
vation energy Eb in the second term of the denominator. But
the third term is new, as it described the transfer toward a
FIG. 4. (a) PL spectrum of the rutile sample R100 for different temperatures.
(b) Analysis of the PL emission into two broad components and a set of
narrow lines at higher energies. (c) Simulation of the structured high-energy
part of the PL emission by a Franck-Condon emission spectrum.
FIG. 5. Normalized integrated PL intensity as a function of the temperature
for the rutile samples (R001, R100, and R110). Full lines: Adjustment with
Eq. (2). See text and supplementary material SI2.
FIG. 6. 4-level system to simulate the PL quenching scenario with tempera-
ture in rutile titania. Details are given in supplementary material SI2.
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lower lying level denoted “D.” At very low temperatures
(when kBT << ΔED), there is no return to the radiative level
and only the A1 constant that reﬂects the ratio between the
trapping and radiative recombination processes is involved,
while at higher temperatures the back transfer to the radiative
level is described by the term involving the A2 constant. This
level structure allows to explain the shape of the curves in
Fig. 5, where photoluminescence is quenched at low temper-
atures, increases around 50 K, before decreasing slowly again
at higher temperatures.
Equation (2) is now used to adjust the results of Fig. 5.
Since the PL intensity variation is quite similar for the three
samples at low temperatures, we use the same parameter
values for ΔED in the following for their adjustment. The
resulting parameter values are summarized in Table II.
The high values of A2 and ΔED are necessary to repro-
duce the experimental values by our model but their real
value is rather uncertain. Quantitatively, the energetic distri-
bution of the low lying non-radiative states is certainly
important in order to describe the thermal activation of the
radiative states. Despite the high simpliﬁcation of our model,
we believe that it is qualitatively correct since it reproduces
the experimental results.
Concerning the luminescence quenching scenario at
high temperatures, we evidenced that it is again only slightly
inﬂuenced by the orientation of the bulk samples. As given
in Table II, only a single high energy non-radiative state is
necessary and the PL intensity quenching shows a saturation
effect in all three samples.
V. DISCUSSION
A. Origin of the broad emission with a large Stokes
shift in anatase and rutile
Figure 1 illustrates the well-known emission features of
anatase and rutile, respectively, with a very broad emission
band and a very large Stokes shift with respect to absorption.
Photoluminescence spectra of TiO2 have been attributed
to different processes where the electron-hole recombination
mechanisms show various physical origins such as self-
trapped excitons, surface states, or oxygen vacancies.19,32–37
Most often, the luminescence band is nevertheless assigned to
radiative recombination of self-trapped excitons (STE).34,38
We will ﬁrst look in detail at this mechanism before discussing
the relevance of the other ones.
In the formation of STE,39 after excitation by a light
source, the photo-created electrons and holes relax rapidly
down to the minimum-energy states of the conduction band
and to the maximum-energy states of the valence band,
respectively. Afterward, due to the strong electron-phonon
coupling, another process starts: electrons and holes become
dressed with phonons and they build polarons; in other
words, the carriers polarize the lattice around them, which is
thus strongly distorted.
The Coulomb interaction between electron and hole also
has to be taken into account. It results in the formation of
excitons that are bound electron-hole pairs. The conjunction
of these two effects gives rise to the formation of STEs:
those are states where the dipole made by a bound electron-
hole pair polarizes the lattice. If the induced distortion is
strong enough, the exciton can be self-trapped and their
effective mass becomes inﬁnite. STEs are thus localized
intrinsic states and the observed luminescence in TiO2 is
commonly attributed to their recombination.
The features that we observe on the titania emission give
valuable information about the STE. First, the line shows a
large Stokes shift (around 1.1 eV) with respect to the absorp-
tion edge (Fig. 1) while no speciﬁc exciton line is observed in
the absorption spectrum. This means that the Coulomb inter-
action between the electron and the hole is smaller than the
carrier-lattice interaction and can be treated in a ﬁrst approxi-
mation as a perturbation. Instead of being strongly bound
excitons that are trapped by the deformed lattice, STE in TiO2
are thus pairs of opposite-charge polarons that localize sepa-
rately and polarize strongly the lattice; they attract further
each other in a weaker way through their Coulomb interac-
tion. This scheme is also supported by a second feature of the
emission line that has a very large width (0.6 eV). This is
hardly compatible with a strongly bound exciton that should
show a narrow line. On the contrary, such a broad line cannot
be homogenous. The inhomogeneous broadening is a signa-
ture of a large variety of levels that can be reached by the car-
riers. The interacting electron- and hole polarons can explore
many different conﬁgurations characterized by a broad panel
of energies: it results in the observed inhomogeneously broad-
ened line, that is, the superposition of the emission lines of
the various conﬁgurations.
In Ref. 37, time-resolved PL experiments have been per-
formed. The authors attribute part of the PL emission to the
recombination of STEs, which are supposed to be localized on
a TiO6 octahedron, which is the building unit of anatase.
Another part of the observed PL is attributed to STE emission
from distant electron-hole pairs, recombining via a tunneling
process. The fact that the observed luminescence shows a very
broad emission is rather compatible with the latter idea.
Another possibility is that the STE states are extended over
several unit cells: Wakabayashi et al.4 proposed such spatial
delocalization in a lattice plane for exciton states that should
have thus a planar structure. A spatially extended STE will
thus be sensitive to structural ﬂuctuations in the crystal.
Alternative explanations were however also given to
explain the emission in the visible optical spectral range of
titania. Zhang et al. concluded that radiative recombination can
also be mediated by localized levels within the forbidden gap
related to surface defects.33 Our present measurements have
been performed on bulk crystals. Even if we take into account
the weak absorption length of the UV exciting light, which can
be estimated to about 200 nm from published absorption
TABLE II. Parameters values defined in Eq. (2) for the three rutile TiO2
bulk samples.
TiO2
sample A1 A2
ΔED
(meV) B
ΔEb
(meV)
R001 0.39 ± 0.04 48370 ± 8700 35 ± 1.0 13 ± 5.0 43 ± 6.0
R110 0.35 ± 0.05 48370 ± 8700 35 ± 1.0 2.3 ± 0.3 13 ± 2.6
R100 0.17 ± 0.03 48370 ± 8700 35 ± 1.0 3.7 ± 0.4 14.5 ± 2.2
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coefﬁcients,40 the surface-to-volume ratio is strongly reduced
when compared to that of nanocrystals. On the other side,
the spectral features of the bulk emission do not differ a lot
from those of nanocrystals.12 Keeping in mind that surface
states are present in any condensed matter system and that
they can always play a role, it is also straightforward that a
bulk monocrystal is the best candidate to observe an intrin-
sic photoluminescence resulting from a recombination in
the volume. Thus, considering the present available experi-
mental elements, we cannot exclude that the observed broad
emission occurs from recombination in the crystal volume.
It could equally result from an intrinsic feature observed in
any structure and geometry like nanocrystals, nanorods, and
layers, as in bulk samples.
Besides intrinsic STE, oxygen vacancies as defect states
in anatase were also proposed as the origin of the observed
PL. This could only explain a small broadening of the PL,
but the important width that we observe seems incompatible
with such an interpretation. Contrary to what happens in an
amorphous material, in the crystalline structure of titanium
dioxide, an oxygen vacancy should be in a single conﬁgura-
tion, that could only be modiﬁed and give rise to a variety of
conﬁgurations by coupling of vacancies into pairs on neigh-
boring sites. Such defects are thus expected to show discrete
lines, without large broadening. On the other hand, as
explained below, we will attribute the narrow lines that we
observe around 1.5 eV in the rutile sample emission to such
STE trapping sites due to oxygen vacancies.
B. Carrier mobility and PL quenching
Our data about PL efﬁciency as a function of the temper-
ature allow us now to precise a scheme involving STE made
from polarons that can become mobile26,41–42 within the
titania crystal. The variation of the PL intensity with tempera-
ture can indeed be explained as being due to the ability of
carriers to be thermally excited and to be spatially dissoci-
ated. In a STE, at least one of the carriers (either electron or
hole) is in a self-trapped state, which is localized and has
been formed by interaction with phonons. These self-trapped
states are distributed in a broad energy region around 2.2 eV.
Similar to the mechanism proposed by Watanabe and
Hayashi,37 the other carrier is only weakly localized and the
distant electron-hole pair can radiatively recombine. Even if
such a complex is intrinsic and not related to any defect, its
behavior is very similar to extrinsic point defects in crystals
that are formed around vacancies or impurities.43 In particu-
lar, they can experience a diffusive motion within the lattice
when they are thermally activated. Such motion of impurities
within a crystal is known to be due to hopping and, conse-
quently, to show a migration rate that is thermally activated.
For STE in TiO2, at low temperatures, the Coulomb interac-
tion is strong enough to keep a self-trapped electron and a
hole at short distances, allowing their radiative recombina-
tion. When the temperature increases, hopping of carriers to
more distant sites is made possible, reducing strongly the
radiative recombination probability. The energies ΔEi in Eq.
(1) of our model are thus the activation energies of the
respective hopping motion of the two carrier polarons. The
most weakly bound carrier, with an energy that lies around
50 meV, as given by ΔE1, dissociates when increasing tem-
perature and transit to distant sites. We further suppose that
the different electron-hole pairs, giving rise to PL, are created
at low density, in separated spatial regions. Because of this
isolation, the electron-hole pairs cannot thermalize within the
luminescent states, as it would be the case in bands of delo-
calized states. Our interpretation of the PL thermal behavior
explains the astonishing fact that the whole PL emission
band of 600 meV (FWHM) is quenched in a global way
when varying temperature from 4 K to 200 K.
C. Discrete emission lines in rutile and oxygen
vacancies
The emission spectra of rutile samples as well as their
evolution with temperature share some common features with
those of anatase, but they differ also by a few points. The
spectra show, as in anatase, broad components [Fig. 4(b)]
that decrease at high temperature. Here too, they can be
attributed to STE made from carrier polarons that can be
thermally separated toward distant sites when the temperature
increases. Nevertheless, the low temperature behavior, below
50 K, and the set of structured narrow lines are speciﬁc of the
rutile emission.
We can ﬁrst explain the origin of the dark states that
quench the PL at temperatures below 30 K. Those dark states
are located spectrally below the bright states and are thus
populated at low temperatures as represented by the dark
level of Fig. 6, with an energy ED = 35 meV below the bright
level. Both the broad emission and the narrow lines identiﬁed
in Fig. 4(b) show a common behavior with increasing tem-
perature, as seen in Fig. 4(a). It is thus plausible that the for-
mation of dark states is speciﬁc to the rutile crystal structure.
The selection rules that would forbid the emission of light
should be related to the spin conﬁguration of the carriers that
leads to the formation of a dark triplet exciton as the lower
lying STE state.
Concerning now the observed set of narrow lines, when
it is isolated from the broad components [Fig. 4(c)], it is
remarkably similar to the lines observed by Montoncello
et al.44 As noted above, the density of oxygen vacancies can
be very high in rutile,22 we thus tentatively attribute the
broad emission band to STE made from “almost free” carrier
polarons, while the structured set of narrow lines is due to
excitons trapped on oxygen vacancies. Depending on the
actual density of defects, the broad emission from almost
free carriers can be observable when the number of traps is
low enough in the studied samples. The spectral position of
the trapped states, which are located at higher energies than
the delocalized states, can be explained by the fact that the
defects do not cover the whole sample that is thus spatially
inhomogeneous. This explains also the fact that the lumines-
cence is not fully quenched at temperatures below 30 K. The
lattice distortion is thus different in regions with or without
defects and the measured curves are the superpositions of
the corresponding spectra. One can notice that, in the
sample studied by Montoncello et al.,44 a broad emission
band is not observed as in our samples, but only the
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structured emission due to trapped excitons. That can be
explained by a higher density of oxygen vacancies in the
former, that shows no regions without defects where STE
would be free to move and hop onto any place. As has been
shown for Gd-doped TiO2,
45 density functional theory
(DFT) calculations allowing to determine precisely the exact
nature of the defect level that are involved in the carrier
dynamics and to give their energy position and spin conﬁgu-
ration would be very valuable for the understanding energy
relaxation properties of titania.
If we consider now the structured emission that we attribute
to excitons trapped on defects, we see [Figs. 4(b) and 4(c)] that
it can be decomposed into a set of narrow lines that are
equally spaced. We can perform here a more sophisticated
analysis of the emission that will go beyond the study of
Montoncello et al.,44 who only looked at the spectral width of
the whole set of lines. We indeed succeed to ﬁt the spectra
that we measured [Fig. 4(c)] using the Franck-Condon model
that takes into account the ﬁnite temperature and the thermal
ﬁlling of levels above the lowest lying state. According to this
model, initially developed in solids for F-centers, the crystal
lattice can be locally distorted by carriers that are trapped on
defects or impurities. In the excited state, the lattice equilib-
rium position is thus spatially shifted. Selection rules are
modiﬁed and optical transitions can thus involve vibrational
states with different quantum numbers in the excited and the
ground states. The oscillator strength of the optical transition
between the level m in the excited state and the level n in the
fundamental state is
Fmn ¼ eSSnm
m!
n!
 
(Lnmm (S))
2e
m hωPkBT , (3)
where S is the Huang-Rhys parameter and Lnmm are the
Laguerre polynomials. The optical emission spectrum is the
sum of the contribution of all m and n state couples. The
thermal occupation of the excited states is taken into account
through the Boltzmann occupation function e
m hωPkBT where
ħωP is the phonon energy. This gives rise to the curve with a
modulation at the energy ħωP that is shown in Fig. 4(c).
Amazingly, the model ﬁts nicely the observed peaks on the
rutile luminescence even if the data are quite complex and
the model offers only a few adjustable parameters. This
result shows unambiguously the vibrational nature of the
levels that give rise to the observed emission with satellite
lines. We can also fully quantitatively characterize it: We
obtain an energy separation of ħωP = 14 meV between
vibrational levels and a zero-phonon line that is located at
1.546 eV. Finally, we can give a value for the Huang-Rhys
parameter that is found as large as S = 2.5. This parameter
characterizes the strength of the lattice deformation: its high
value shows that the excitons that are trapped on oxygen
vacancies polarize strongly, as for the free polarons, the
lattice around them and distort it. The observed lines are
due to the recombination lines between lattice vibrational
states, with a minimum energy that is shifted in the excited
electronic state, following the Franck-Condon principle, to
account for the lattice deformation.
VI. CONCLUSIONS
Our analysis of the PL temperature dependence shows
that in bulk anatase and rutile TiO2, photo-excited electron-
hole pairs strongly interact with the lattice by distorting it,
giving rise to states which have a high energy inside the band
gap and are isolated from each other. These states are intrinsic
self-trapped carriers; one of them, forming a polaron, is
strongly localized while the second carrier is more weakly
bound to the ﬁrst one. The self-trapped exciton (STE) states
that are thus created show a wide range of conﬁgurations that
explain the broad emission spectral width. When the tempera-
ture increases, the hopping transfer of the carriers is thermally
activated. Electron and hole can thus migrate separately,
leading to a quenching of the radiative recombination. In
nanocrystals, this will allow their transfer to surface states
where they can be involved in redox reactions. Our measure-
ments and the analysis that we propose show that the main
features that are observed in the behavior of nanoparticles are
already present in bulk materials. That indicates that the
intrinsic properties of titanium dioxide are dominant in the
photocarrier dynamics compared to extrinsic processes such
as surface trapping. Moreover, we show that carrier-lattice or,
in other words, electron-phonon interaction is very important
in those intrinsic processes that give rise to both the polarons
formation and their trapping.
In rutile TiO2, two different types of luminescent states
have been identiﬁed at low temperatures around 1.48 eV:
Impurity states plausibly related to oxygen vacancies can trap
electron-hole pairs, giving rise to sharp PL lines. Those lines
are nicely ﬁtted by a Franck-Condon model, showing a distor-
tion of the lattice around the trapped carriers. Their intensity
diminishes when increasing the temperature from 4K to
130K. In addition, extended states similar to those of anatase
are found in the same spectral region, which form a broad
spectral distribution of levels. Their PL emission line is much
narrower than in anatase TiO2 and has a width of about
150meV (FWHM). The states can be populated by electron-
hole pairs, which are either activated from non-radiative dark
states with lower energy or depopulated at higher temperatures
via non-radiative states with higher energy.
If we compare the results obtained for anatase and rutile,
we see that, in the latter, it deals mainly with the presence of a
dark state 35meV below the emitting state that quenches PL at
low temperature, as well as with the role played by the oxygen
vacancies. In anatase, the PL behavior when changing the tem-
perature can be fully explained by the dissociation of weakly
bound self-trapped excitons where each of the two carriers
strongly distorts the lattice. The same result is observed in
rutile, but there the carriers can also be trapped on oxygen
vacancies. This trapping also gives rise to a spectrally narrow
emission at a well-deﬁned energy, with satellites explained in a
Franck-Condon model. Both phases show thus a very strong
interaction between the photogenerated carriers and the lattice.
SUPPLEMENTARY MATERIAL
The supplementary material presents a scheme of the
multilevel models for radiative and nonradiative states in
rutile and anatase titania crystals.
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